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1. 

AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH 

Sta tus  Report for  t h e  Period 1 January throuph 30 June 1968 

I. INTRODUCTION 

During t h e  pas t  six months technical  work of the  ASMAR Program 

has continued as  planned. Due t o  the  f a c t  t h a t  we were unable t o  obtain 

supplemental funds, t he  Program has been supported a t  t h e  same level by 

University funds s ince  mid-April. It w i l l  not be possible  t o  ‘continue 

t h i s  support during t h e  summer months, however, and work during t h i s  

normally productive period w i l l  be considerably reduced. 

D r .  M. Handelsman w i l l  j o i n  t h e  group on a permanent bas i s  as 

a senior  research s c i e n t i s t  and l e c t u r e r ,  e f f e c t i v e  1 July.  It is 

planned t h a t  he present t he  Space F l igh t  course next: academic year while 

Professor I,. Crocco is on leave. 
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11. SPACEFLIGHT TRAJECTORY ANALYSIS RESEARCH 

A. Program Development 

Documentation of the  TOPCAT program has been completed and published 

as AMs Report No. 717s (see Reference 1). Several  requests  fo r  t h i s  program 

have been received including McDonneP-Douglas Ai rc ra f t ,  Hughes Aircraf t ,  and 

the  University of  I l l i n o i s .  

The P R X R  program developed by M r .  Michael Minkoff has a l s o  been 

documented and w i l l  be issued shor t ly  as Reference 2. 

Test ing of var ious modes of the TOMCAT (multi-body) program has 

been conducted. Two modes (N-body impulsive and patched conic impulsive) are 

working w e l l .  There are s t i l l  problems with the  low t h r u s t  multi-body mode. 

The program has been expanded t o  include t h r e e  d i f f e r e n t  types of J u p i t e r  

swingbys: s o l a r  probe (minimum per ihe l ion) ,  ou t -of - the-ec l ip t ic  (maximum 

inc l ina t ion)  and "galactic" probe (minimum t i m e  t o  10 AU). Further  develop- 

ment of the  TOMCAT program w i l l  be incorporated within t h e  more general  frame- 

work of the  t r a j e c t o r y  compiler. 

The bas i c  modules €or the t r a j e c t o r y  compiler have been w r i t t e n  i n  

machine language fo r  the IBM 360 computer. 

t r a j ec to ry  segments has been demonstrated: 

Compilation of the  following 

(1) LAUNCH: simulates ascent t o  parking o r b i t  

(2) STATE: def ines  i n i t i a l  s ta te  vec tor  

(3)  IMPULSE: simulates impulsive burn 

( 4 )  INTEGRATE: i n t eg ra t e s  t r a j e c t o r y  during th rus t  and coast  1 
period with multi-body per turbat ions 

(5) TWO BODY: coas t  motion in  inverse square f i e l d  

(6) DROP MASS: ca l cu la t e s  mass dropped a f t e r  t h rus t ing  per iod 

(7) REFERENCE CHANGE: 
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The compi le r  has been l inked with the  TOMCAT N-body and patched 

conic rout ines  and the General Purpose I t e r a t o r  f o r  execution of t h e  a b w e  

.P 

t r a j ec to ry  segments. 

Input and output va r i ab le s  a r e  defined fo r  each module. For example, 

fo r  the  launch module, required input va r i ab le s  include l a t i t u d e  and longitude 

of t h e  launch s i te ,  t i m e  of launch, launch azimuth and a l t i t u d e  of parking 

o rb i t .  Optional var iab les  a re ,  f o r  example, time in t e rva l  and arc length of 

the ascent arc.  (For the present ,  it is intended t h a t  t he  ascent a r c  be 

simulated by A t  and A @ ) .  Output va r i ab le s  would include state vec tor  and 

time a t  t h e  end of ascent.  It w i l l  only be necessary fo r  t h e  ana lys t  t o  

s e l e c t  which O E  the  input var iab les  a r e  constants and which a r e  independent 

var iab les  t o  be adjusted (automatically,  by the  General Purpose I t e r a t o r )  t o  

meet the cons t ra in ts  of t h e  mission. The output va r i ab le s  from the  LAUNCH 

module then become input t o  the  next module se lec ted  by t h e  programmer, 

together with any others  as  required.  Standard values w i l l  be in t e rna l  t o  the  

machine for  those input va r i ab le s  which do not come from a previous module. It 

w i l l  be poss ib le  t o  overr ide these by input t ing any desired values.  

Thus the  various modules form a chain of computation with the  output 

of one becoming the  input of t t e  next. 

which he desired out of t he  v a r i e t y  of poss ib le  sequences. 

Purpose I t e r a t o r  c loses  t h e  computational loop around t h i s  chain,  varying 

t h e  selected independent va r i ab le s  so as t o  meet mission cons t ra in ts  (dependent 

var iab les ) .  

The ana lys t  selects only those l i nks  

The General 

L 

Output var iab les  of any module i n  the  sequence can be chosen as 

dependent: (constrained) var iab les ,  

va r i ab le s  which are not  included i n  the o r i g i n a l  formulation, t h i s  may be done 

by adding a s m a l l  number of FORTRAN cards between the  appropriate  modules, 

I f  t he  ana lys t  des i r e s  t o  cons t ra in  or  input 
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The t r a j ec to ry  compiler as  out l ined above i s  present ly  working i n  

a preliminary s t a t e ;  t h a t  is, the program w i l l  work i input is correct .  How- 

ever,  incorrect: input gives unpredictable r e s u l t s  which is a very severe 

problem i n  a program of t h i s  s o r t .  

1 T e s t  cases which have been checked so f a r  using the  t r a j ec to ry  

comp i l e r ’  include : 

1.. Patch-conic 

a. J u p i t e r  

b. J u p i t e r  
t o  get  

in te rp lane tary  

flyby s t a r t i n g  from ea r th  launch 

swingby s t a r t i n g  from ea r th  launch 

(1) 
(2) Minimum per ihe l  ion 
(3) Minimum time t o  10 AU 

Maximum out of t he  e c l i p t i c  

2. . Patch-conic lunar  missions 

a. Lunar f r ee  r e tu rn  from launch pad 

b. Translunar t r a j ec to ry  from launch i n t o  polar  
lunar  o r b i t  

c. Optimum three  impulse lunar  r e t u r n  from po la r  
lunar o r b i t  

3.  Integrated multi-body mission 

a. Optimal low t h r u s t  t r ans fe r s  between coplanar 
c i r c u l a r  o r b i t s  with 
(1) Minim- t i m e  
(2)  Minimum fue l  

Work which remains t o  be done includes 

1. 

2. Addition of f i r s t  guess procedures and p r i n t  options.  

Expansion of e r r o r  recogni t ion and checking. 
J 

3 .  Documentat ion. 

I n  addi t ion,  t h e  bas i c  t r a j ec to ry  modules w i l l  be  expanded t o  include an o r b i t a l  

plane coordinate transformation and re-entry simulation. 
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B. Analytical  Work 

M r .  Michael Minkoff is pursuing the  appl icat ions of multi-impulse 

t r a j e c t o r i e s  using the  PRIMER program which is now complete. 

seminar t o  t he  F l igh t  Sciences Group of t he  Department 0.f Aerospace and 

H e  presented a 

Mechanical Sciences l a s t  

M r  . Minkof f ' s MSE t h e s i s  

t o  the  XIX In te rna t iona l  

September.  

March.- These r e s u l t s  w i l l  be published as p a r t  of 

(Reference 2). I n  addi t ion,  a paper has been submitted 

Astronautical  Congress which meets i n  New York t h i s  

M r .  Alain L. Kornhauser is continuing the  inves t iga t ion  of t he  two 

va r i ab le  expansion technique with a nonlinear t i m e  scale .  

approximate ana ly t i ca l  so lu t ions  for  low t h rus t  t r a j e c t o r i e s .  This idea has 

been pursued with success i n  t h e  case of l i nea r  time varying d i f f e r e n t i a l  

The goal here  is 

equations by Dr.  R. Ramnath, a Princeton University graduate s tudent  (Reference 3 ) .  

M r .  Rornhauser i s  applying t h i s  technique t o  nonlinear systems - i n  p a r t i c u l a r ,  

t he  equations of motion i n  a g rav i t a t iona l  f i e l d  including th rus t .  

of the ex i s t ing  l i t e r a t u r e  applying l i n e a r  t i m e  scales t o  t h i s  problem has 

been completed. 

An analysis  

Another approach t o  t h e  problem of approximate ana ly t i c  so lu t ions  for  

f i n i t e  t h rus t  t r a j e c t o r i e s  i s  being pursued j o i n t l y  by Professor P. M. Lion 

and M r .  George A. Hazelrigg. This work began as  an e f f o r t  t o  f ind an ana ly t i c  

approximation for  t h e  (unknown) ad j o i n t  va r i ab le s  on the  f i n i t e  t h rus t  

t r a j ec to ry  i n  terms of t h e  (known) ad jo in t  var iab les  on t h e  corresponding 

impulsive t r a j ec to ry ;  i.e., an extension t o  the  "impulsive iterative' '  method 

(Reference 4 ) .  

I n  p a r t i c u l a r ,  an e x p l i c i t  r e l a t i o n  has been derived i n  the form of 

a series i n  l / a  . where a is  the  t h r u s t  accelerat ion.  The zeroth order 
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so lu t ion  is the impulsive ad jo in t  var iables .  Corrections are then ca lcu la ted  

which improve the  convergence proper t ies  of t h e  impulsive i t e r a t i v e  algorithm. 

I n  pr inc ip le ,  t h i s  can be done t o  any order des i red ;  i n  p r a c t i c e  w e  have been 

r e s t r i c t e d  t o  f i r s t  or second order i n  l/a by a lgebra ic  i n t r a c t a b i l i t y ,  

It i s  planned t h a t  t he  so lu t ion  t o  t h i s  problem proceed i n  t h e  

following more or less log ica l  manner: 

(1) Constant t h r u s t  acce le ra t ion ,  l i n e a r  equations of motion 

(2) Constant t h rus t  acce le ra t ion ,  nonlinear equations of motion 

( 3 )  Constant t h rus t ,  l i n e a r  equation of motion 

( 4 )  Constant t h r u s t ,  nonlinear equation of motion 

The f i r s t  two i t e m s  above have already been developed and implemented 

on the  computer (they w i l l  form a port ion of the Ph.D. t hes i s  of George A. 

Hazelrigg, J r . ) .  Thus f e a s i b i l i t y  of the technique is establ ished.  A sample ' 

of the  r e s u l t s  is  shown i n  Figure 1. The case chosen was  a two-burn t r ans fe r  

between c i r c u l a r  o r b i t s  from r =: 1 AU t o  r = 1.5 AU with a cen t r a l  travel 

angle of 3 / 4 n  and t r a n s i t  time of 3.3028 TAUS (200 days). Figure 1 shows 

t h e  ac tua l  values of X I  and h 2  versus a . The impulsive approximation 

(zeroth order ) ,  f i r s t  order correct ion,  and second order correct ion are each 

displayed separately.  
.. 

Although t h i s  work d i rec ted  toward solving the  two-point boundary 

value problem i s  important i n  i t s  own r i g h t ,  it now appears t h a t  t h e  by-products 

w i l l  be of even grea te r  s ignif icance.  

makes possible  an a n a l y t i c  descr ip t ion  of the  connection between f i n i t e  

I 

The series approximation j u s t  described 

th rus t  

t r a j e c t o r i e s  and the  corresponding impulsive t r a j e c t o r i e s .  I n  addi t ion  t o  

the  i n i t i a l  ad jo in t  var iab les ,  t he  series approximation p r w i d e s  us with 

ana ly t i ca l  estimates of "gravity losses" (i.e., propulsion penal ty  paid f o r  



.. 
7. 
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f i n i t e  th rus t ing  time) and s e n s i t i v i t y  coe f f i c i en t s  .(the change i n  t r a j ec to ry  

cha rac t e r i s t i c s  f o r  a s m a l l  change i n  input parameters). For instance,  t o  

analyze a Mars mission one need only compute the optimum impulsive t r a j e c t o r y  

and then solve two systems of l i n e a r  a lgebra ic  equations for  t he  f i r s t  and 

second order terms. The g rav i ty  losses  can then be expressed i n  closed form 

for  a wide range of propulsion parameters ( a  and V J )  Le., f o r  t h a t  range over 

which the s e r i e s  provide s u f f i c i e n t  accuracy f o r  mission analysis .  From 

i n i t i a l  r e s u l t s  i t  appears t h a t  t h i s  range d e f i n i t e l y  includes nuclear 

rocket propulsion systems and can be expected t o  include nuc lear -e lec t r ic  

systems with the inclusion of nonlinear terms which have so  f a r  not been 

included. X t  is .not necessary t o  ca l cu la t e  any low t h rus t  t r a j e c t o r i e s .  

D r .  M. Handelsman, v i s i t i n g  senior  research s c i e n t i s t ,  continued 

research on optimal, Eixed-thrust e l l i p t i c - s p i r a l  t r a j e c t o r i e s  i n  planetocentr ic  

f i e l d s .  In  addi t ion,  approximate so lu t ions  of e l l i p t i c  spirals have been applied 

t o  the problem of optimal combinations of high and law-thrust propulsion fo r  

missions from ea r th  t o  planetary o r b i t .  There are no ana ly t i c  so lu t ions  f o r  

optimal f ixed-thrust  s p i r a l  t r a j e c t o r i e s ,  excepting several spec ia l  cases 

which cons is t  of s m a l l  changes in  semi-major axis a and e l l i p t i c i t y  e , or  

la rge  changes only i n  a and o r b i t a l  plane inc l ina t ion  i , for  c i r c u l a r  

s p i r a l s  only. For the broader problem of e l l i p t i c  s p i r a l s ,  avai lable .  optimal 

solut ions assume propulsion wi th  completely va r i ab le  th rus t  magnitude. 

Variable- thrust  solut ions afford ins ight  i n t o  t h e  problem, and e s t ab l i sh  an 

upper bound t o  the  payload performance of f ixed-thrust  engines, bu t  can be 

un rea l i s t i c ,  and should be replaced by f ixed-thrust  so lu t ions  when possible .  

The work t o  date  concerns optimal s p i r a l s  for large changes i n  a 

and e . The i n i t i a l  work has  been the  appl ica t ion  of var iab le- thrus t  
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so lu t ions  t o  s o l a r - e l e c t r i c  missions for Mars o r b i t e r s ,  t o  e s t ab l i sh  an upper 

bound on mass performance for  comparison with. all-chemical-propulsion 

planetary maneuvers, discussed i n  the  paragraph below. The remainder of t h e  

work concerns ana ly t i c  so lu t ions  of the  f ixed- thrus t  case, and some trial  

numerical solut ions.  

w 4 

For the Mars o r b i t e r ,  t he  spacecraf t  arrives a t  Mars with mass 

and ve loc i ty  V, . Electr ic  power P and exhaust ve loc i ty  V are 
Mi*C j e  
( f o r  the present)  determined by already computed fuel-optimal fixed-time 

t r ans fe r s  from ea r th  o r b i t ,  using TITAN launchers, s o l a r - e l e c t r i c  he l io-  

c e n t r i c  propulsion, and a chemical r e t r o  in to  a spec i f ied  c i r c u r l a r  o r b i t  a t  

Mars. I n  t h e  new work, t he  spacecraf t  is f i r s t  put  i n t o  an e l l i p t i c  o r b i t ,  

with periapse radius  r and e l l i p t i c i t y  e , by a chemical retro-impulse 

with given I a t  per iapse,  and then e l l i p t i c a l l y  s p i r a l l e d  i n t o  the  

spec i f ied  terminal c i r c u l a r  o r b i t ,  using the  s o l a r - e l e c t r i c  engine. The 

P 

SP 

i n i t i a l  chemical r e t r o  4 V  , t he  r e t r o  propel lan t ,  and the spacecraf t  mass 

i n t o  i n i t i a l  e l l i p t i c  o r b i t  a r e  then calculable ,  The i n i t i a l  e l e c t r i c  fixed- 

rh rus t  acce le ra t ion  A. i s  

AO 2 71 P/V je 

where F =: t h r u s t ,  and engine e f f ic iency  q depends upon V . For 

va r i ab le  t h r u s t ,  the  c h a r a c t e r i s t i c  ve loc i ty  of t h e  optimal e l l i p s e - t o - c i r c l e  
je 

s p i r a l  i s  

- 
At = f(Vc, r e )  . 

P’ 

where - 
A = t h rus t  acce le ra t ion  averaged over a s p i r a l  turn,  

and is a constant from the  v a r i a t i o n a l  theory 
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t = t r a n s f e r  t i m e  

c 

Vc =i f i n a l  o r b i t  c i r cu la r  ve loc i ty  

r e = periapse radius and e l l i p t i c i t y  of i n i t i a l  o r b i t  
P '  

An upper bound fo r  t h e  f ixed- thrus t  f i n a l  m a s s  is ava i lab le  by assuming t h a t  

A. , Eq.  (1) and A Eq. ( 2 ) ,  are the  same. While is a constant,  
. .  - 

t he  optimal instantaneous va r i ab le  th rus t  magnitude changes with o r b i t a l  

pos i t ion  and o r b i t a l  elements. The decrease i n  performance involved by 

replacing the va r i ab le  th rus t  'with f ixed-thrust  i s  unknown, and is the  

problem under a t tack.  Variable th rus t  a f fords  an addi t iona l  degree of 

freedom over fixed t h r u s t ,  and therefore  furnishes  an upper performance 

bound. A second-ojzder improvement in accuracy is poss ib le  by using a mean 

- 

f ixed-thrust  acce le ra t ion  averaged Over the  maneuver, ca lcu lab le  by a simple 

i t e r a t i v e  formula, instead of the  i n i t i a l  acce le ra t ion  

the  maneuvers considered here in ,  the  mass lo s s  is  small, and the  fixed- 

thrus t  acce le ra t ion  changes r e l a t i v e l y  l i t t l e  from i t s  i n i t i a l  value. 

Assuming tha t  A = A. the f ixed-thrust  s p i r a l  t i m e  is 

A. . However, fo r  

- 

1 t = - f(Vc, r p ,  e )  
AO 

(3) 

This time t i s  a minimum value; t h e  ac tua l  f ixed-thrust  t i m e  w i l l  exceed t h i s  

value.  The s p i r a l  propel lant  mass and f i n a l  mass i n t o  terminal c i r c u l a r  o r b i t  

a r e  then calculable.  

o r b i t  of 4 Mars r ad i i .  

These equations have been programmed fo r  a f i n a l  c i r cu la r  

Typical r e s u l t s  are shown i n  the  two attached graphs, 

t i t l e d  TITAN 3C and TITAN 3M, Mars Orbi ter ,  1975, Solar E lec t r i c .  It is 

s e e n - t h a t  there  is a very considerable fuel savings over the chemical r e t r o  

L i r ec t ly  in to  f i n a l  c i r cu la r  o r b i t .  If rhe p lane tocent r ic  s p i r a l  t i m e  is  

exchanged for  he l iocen t r i c  t r a n s i t  t i m e ,  i t  turns  out t h a t  the  mass savings 





12. 
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due t o  increased he l iocen t r i c  time is l a r g e r  than the  savings afforded by 

c 

t he  sp i r a l  maneuver. However, t h i s  i s  not  a f a i r  general  conclusion, because 

these are pa r t i cu la r  r e s u l t s ,  based upon ava i l ab le  t r a j e c t o r i e s  optimized 

f o r  a s ing le  r e t r o  t r ans fe r  d i r e c t l y  i n t o  a c i r c u l a r  o rb i t .  A f a i r  

comparison requires  t r a j e c t o r i e s  optimized for  t he  complete t r ans fe r ,  including 

an intermediate planetary s p i r a l .  I n  addi t ion,  f o r  planetary s c i e n t i f i c  

observations and experiments, a given p lane tocent r ic  maneuver t i m e  i n t e rva l  

may be more "valuable" than an equal he l iocen t r i c  t i m e  in terval ,  and should 

be s o  considered i n  def ining a des i rab le  optimum mission pay-off. 

The work on optimal so lu t ions  t o  the f ixed-thrust  e l l i p t i c - s p i r a l  

case is divided i n t o  ana ly t i c  and numeric approaches. The ana ly t i c  work 

fur ther  divides  i n t o  two approaches. The f i r s t  i s  a va r i a t iona l  calculus  . 

approach using o r b i t a l  elements as s t a t e  var iab les .  Here progress has 

been.made i n  obtaining some closed-form ana ly t i c  r e s u l t s ,  and t h i s  is now 

being intensively pursued and extended. The other  ana ly t ic  approach, based 

upon Hamilton-Jacobi per turbat ion theory, is now being studied. Ei ther  of 

these two approaches may be' used t o  obtain approximate ana ly t i c  so lu t ions  

which are of considerable value f o r  f i r s t -o rde r  mission planning ana lys i s ,  

and fo r  furnishing good i n i t i a l  Lagrangian mul t ip l i e r  values  fo r  rapid 

i t e r a t i v e  computer so lu t ions .  

A l imited numerical inves t iga t ion  of optimal f ixed-thrust  s p i r a l s  

has been s t a r t ed .  These are f o r  t r a n s f e r s  between c i r c u l a r  o r b i t s  i n  e a r t h ' s  

f i e l d .  

are used. 

The complete optimal va r i a t iona l  equations i n  a cen t r a l  body f i e l d  

The i n i t i a l  Lagrangian mul t ip l i e r s  w e r e  estimated from a quasi- 

optimal c i r c u l a r  s p i r a l  solut ion.  The ava i lab le  

with s impl i f ica t ions  appropriate t o  t h i s  problem 

TOMCAT program w a s  used, 

t o  reduce running time. 
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Both minimum time (continuous propulsion) and minimum propel lan t  (coast  

periods) cases have been run, with r e s u l t s  given i n  the  Table below. These 

are preliminary r e s u l t s  t o  test  the appl ica t ion  of an ava i lab le  program t o  

t h i s  problem, and t o  form an estimate of required running t i m e s ,  accuracy, 

e tc .  The improvement i n  c i r c u l a r i t y  of f i n a l  o r b i t  with i t e r a t i o n  is the 

main fea ture  o f  i n t e r e s t  (i.e., compare cases 2 t o  3 and 5 t o  6) .  

Table of Law-Thrust Sp i r a l s  

F ina l  Radius Trajectory 
Type 

!EARTH 1. Min. Fuel 

5 %  

5 %  - 

5 %  

2. Min. Fuel 

3. Min. Fuel 

4.  Min. T i m e  1.6 RE 

5. Min. Time 

6. Min, Time 

Approx. No. 
of Turns 

120 

8 

8 

25 

4 

4 

I t e r a t i o n  
Used or  Not 

N o  

No 

Yes . 

N o  . 

No. 

Yes 

E l l i p t i c i t y  of 
F ina l  Orbi t  

0.02 

0.64 

0.07 

0.02 

0.42 

0.01 , 
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111. AEROSPACE SYSTEMS ANALYSIS RESEARCH 

, The s t a f f  engaged i n  t h e  ASAR program i n  the  f i r s t  two quar te rs  

of 1968 w e r e  D r .  R. Vichnevetsky (leading the program), M r .  M. I). Mintz 
.. 

(consul tant) ,  Messrs. C. F. Kalmbach and R. J. Chin (undergraduate s tudents) ,  

and Mrs. A. B. Shulzycki (programmer). 

The work of the MAR Group i n  t h i s  period has resu l ted  i n  the  

completion of  a mathematical model fo r  nuclear rocket engines. This model 

has been implemented on the  7094 d i g i t a l  computer as a computer code (NUROCSAC). 

This  code is  organized i n  such a manner t h a t  it can be used for the  repre- 

sen ta t ion  of t he  hot  bleed as w e l l  as the  topping cycle. Engine system 

s tudies  have been performed by t h e  use of t h i s  computer code by analyzing 

the  influence of design parameters on engine mass, on engine spec i f i c  

performance as w e l l  as on mission re la ted  criteria. 

For t h i s  purpose, a general theory of mission r e l a t ed  s e n s i t i v i t y  

functions has been developed, which permits t he  optimization of engine 

parameters with respect  t,o mission r e l a t ed  object ives  (such as payload o r  

i n i t i a l  m a s s  i n  e a r t h  o r b i t ) .  

s e n s i t i v i t y  and optimization are achieved by independently running computer 

programs fo r  the determination of mission r e l a t ed  s e n s i t i v i t y  functions,  

I n  essence, mission re la ted  engine parameters ' 

and then using these  as inputs t o  engine systems ana lys i s  programs fo r  t he  

ca lcu la t ion  of mission r e l a t ed  engine performance. This method is  one 

o f  staged analys is and opt imizat ion. 

Results obtained t o  da t e  i n  t h e  MAR program i n  the  f i r s t  six 

months of 1968 by use of t h i s  method have indicated a considerable po ten t i a l  

i n  savings of computer u t i l i z a t i o n  time over t h e  computer programs achieving 

the  same r e s u l t s  by a simultaneous computation of engine and t r a j ec to ry  

. . .  

' .  
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equations. 

of 

as  

One of t h e  de t a i l ed  analyses i n  the program w a s  devoted t o  a study 

the  e f f e c t  of nuclear rocket  chamber pressure upon engine mass as w e l l  

payload fo r  a one-way Mars mission. 

A course on Advanced Methods of Systems Analysis, which has been 

developed over t h e  p a s t  th ree  years  as an adjunct t o  the  ASAR program, has 

been presented t h i s  spr ing as  a graduate course i n  the.,Department by 

D r .  R. Vichnevetsky and has drawn attendance from most departments wi th in  

the  Engineering School. 

1 9  68 

Results obtained by the ASAR program i n  t h e  f i r s t  s ix months of 

have been reported i n  the following memoranda and reports .  

ASAR Memo No. 10, Pressure Drop Calculation fo r  Nuclear Rocket 
System Engineering, M. D. Mintz, 15 December 1967. 

ASAR Memo No.‘ 11, External S e n s i t i v i t y  Analysis of Nuclear Rocket 
Engineering Model, M. D. Mintz, 15 December 1967. 

ASAR Memo No. 1 2 ,  Turbopump Bleed Fract ions and Thrust Calculations 
for  Nuclear Rocket Engines, R. Vichnevetsky, 24 January 1968. 

ASAR Memo No. 13,  Sizing the  Nuclear Rocket Core, R. Vichnevetsky, 
22 February 1968. 

ASAR Memo No. 14,  Systems Analysis of Nuclear Rocket Engines, 
R. Vichnevetsky, M. D. Mintz and C. F. Kalmbach, 6 April  1968. 

Vichnevetsky, R., Mintz, M. D. and Kalmbach, C. F., 
of Nuclejr Rocket Engines, Princeton University AMs 
6 A p r i l  1968. 

Systems Analysis 
Report No. 717y, 
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